Vegetated coastal dunes grow as a result of feedbacks between vegetation and sand transport. Observing the coevolution of vegetation and the sand surface is therefore critical for unraveling the dynamics of coastal dune growth. Capturing synchronous topography and photography at high spatial resolution and high temporal frequency using traditional techniques (airplane-based aerial photography, LiDAR) is expensive and timeconsuming. Structure-from-Motion combined with Multiview-Stereo, a photogrammetry workflow that uses low-cost, consumer-grade equipment, is an economical alternative to traditional collection methods. This workflow still requires the definition of ground control points (GCPs) -locations with known coordinates -to develop accurate digital surface models. In this contribution we address how the number of GCPs used impacts the accuracy of digital surface models. We flew a 9-foot single-line delta kite attached to a consumer-grade camera to photograph the beach and dune of Hog Island, VA, a site that contains 178 high precision GCPs over an area of ~0.025 km 2 (as part of an ongoing field experiment). We then processed the 318 photographs using Agisoft Photoscan and compared the elevation accuracy of digital surface models rendered using SfM, with varying GCPs, to points surveyed by a total station. Our results suggest that there is 'diminishing returns' when greater than 10 GCPs are used. Results from this study can be used to inform future Structure-from-Motion studies using UAVs or kites in flat, lowsloping coastal environments.
Introduction
Vegetated coastal dunes grow as the result of feedbacks between the growth of dune vegetation and aeolian sand transport. As a result, serial observations of topography and vegetation must be acquired to understand the morphodynamics of coastal dunes (for a recent example, see Keijsers et al., 2015) . A recently developed technique for creating synchronous topography and images is a photogrammetry workflow that combines Structure-from-Motion with Multiview-Stereo algorithms (hereinafter 'SfM'). Many pictures of a static subject, taken at different angles, are combined through the SfM workflow to create a digital surface model (DSM) and a composite image (a mosaic) with images acquired using a typical digital camera. James and Robson (2012) assess SfM DSMs at 3 different scales (hand sample, coastal cliff, volcano caldera) and demonstrate that Structure-from-Motion is able to theoretically produce results that are similar to traditional photogrammetry, but with much more ease and flexibility in the workflow and using inexpensive equipment. This technique holds much promise in studies of surface processes, including coupled biological-physical systems (e.g., James and Robson, 2012; Westoby et al., 2012; Fonstad et al., 2013) . As such many papers have been published in recent years using SfM to study landscape form and process from both biologic and geomorphic perspectives -a quick glance at this literature includes SfM used in research pertaining to forest dynamics (e.g., Dandois and Ellis, 2013) , fault zone topography (e.g., Johnson et al., 2015) , coastline dynamics (e.g., Harwin and Lucieer, 2012; Mancini et al., 2013; Gibbs et al., 2015 , Kinsman et al., 2015 , coral reef structure (e.g., Burns et al., 2015) , glacial dynamics (e.g., Ryan et al., 2015) , and snow depth estimation (e.g., Nolan et al., 2015) .
Recent work has systematically advanced our understanding of sources of error, accuracy, precision, and validation procedures in the SfM workflow. A critical point for reducing error in the SfM workflow is georectification -after images are taken and combined to form a DSM and mosaic image, the SfM products must tied to a known coordinate system. This is accomplished by pairing the SfM products to ground control points (GCPs; positions with known coordinates) that are visible in the image set (and therefore the mosaic image). James and Robson (2012) note that a minimum of 3 GCPs are technically required, however '…more control provides a more robust solution which is less sensitive to error on any one point'. Furthermore, James and Robson (2012) demonstrate that DSM position error decreases with the use of an increasing number of GCPs, a trend also seen by Clapuyt et al. (2015) and Harwin and Lucieer (2012) . James and Robson (2012) also assess the location of GCPs, showing that widely dispersed GCPs aid in decreasing reconstruction error. This echoes work by Vericat et al (2009) who determined that a perimeter distribution (GCPs oriented primarily along the perimeter) was optimal for reducing error in individually rectified aerial photos.
We extend previous studies of the SfM workflow by exploring, in a quantitative and systematic manner, how the number of GCPs influences vertical accuracy of the SfM-derived DSMs. Images of an ongoing field experiment in a low-slope coastal setting are acquired using a kite-mounted camera -a method that has previously been used in near-earth aerial photography (Marzolff and Poesen, 2009; Smith et al., 2009; Bryson et al., 2013; Lorenz and Scheidt, 2014) and is low cost, nonintrusive, and often does not require special permits (compared to UAVs; e.g., Vincent et al., 2015) . Using kite images we construct ten separate DSMs using between 5 and 30 GCPs. GCPs are selected from 178 possible sites using a deterministic selection strategy. The remaining sites that are not selected as GCPs are used to test the accuracy of the constructed DSM and illustrate the decay in error as GCPs are added. We compare the accuracy of the DSMs developed using different numbers of GCPs to empirically derived precision ratios and find that increasing GCPs beyond 10 does not increase DSM accuracy.
Methods
The study site is located on the accreting southern end of Hog Island, VA, USA (property of The Nature Conservancy; Figure 1 ). In May of 2014, 180 plants were transplanted along two cross-shore swaths that extend from the foredune crest to the beach (an elevation range of ~0 to 4 m). At each plant site a 122 cm yellow fiberglass stake was inserted into the sand. As part of the experimental planting, the ground surface at each site was measured monthly (MayOctober) using a Nikon DTM-322 total station (angle error = 5 arcseconds) located over a benchmark installed in a concrete-filled PVC pipe on a secondary dune ridge. Coordinates of the benchmark location (and an associated backsight of the same construction) were determined by post-processing (using the National Geodetic Survey's Online Positioning User Service; http://www.ngs.noaa.gov/OPUS/) a global positioning system survey collected using a Trimble GNSS R6 antenna. More details on the field experiment can be found in Jass (2015) .
We acquired aerial images on May 13, 2015 using a kite-based camera flown at an average altitude of 20 m that captured 318 images synchronously with the total station measurements. We used a 9' Gomberg delta kite attached to a Picavet camera suspension system holding a Redstone camera rig (www.KAPtery.com) and a Canon S100 running an intervalometer script (http://chdk.wikia.com/wiki/CHDK). In the images, we were able to identify 178 plant sites (2 stakes had been dislodged during the previous year of the field experiment). To decide which plant sites to use as GCPs (for tests of DSM vertical accuracy) we employed a maximum dissimilarity algorithm (MDA) to determine the sites that were most widely distributed in space (as per the suggestion by Vericat et al., 2009) .
As a deterministic selection routine, the MDA selects data points that are maximally dissimilar from all previously selected points. Camus et al. (2011) provides a detailed introduction to the MDA selection routine as well as comparisons to other common clustering and section routines. This MDA has previously been employed to select representative samples from a range of given data (e.g., Goldstein and Coco, 2014) . Starting with the plant location having the largest Northing value (initialization requires the user to select a starting point), an iterative process selects the next data point, which is the site with the maximum distance from all previously selected sites (Camus et al., 2011) . The MDA routine continues selecting sites until the user-defined number of sites is attained (here we halt the algorithm at 30 sites). The selected sites, and the order in which they are selected, are shown in Figure 2 . The kite images were processed separately ten times using differing numbers of GCPs (between 5 and 30). All kite images were processed using Agisoft Photoscan Professional Edition (http://www.agisoft.com), a commercial SfM software suite, resulting in a composite orthophoto and a DSM. We used the bundled program Agisoft Lens to calculate lens distortion for the Canon S100 and applied the known lens parameters within the SfM workflow. The motion of the camera attached to the kite resulted in mostly offnadir images and several images from different elevations (i.e., captured during takeoff and landing) which help to mitigate systematic error ('doming') during the DSM generation phase, especially in the flat, low slope coastal environment (e.g., James and Robson, 2014) . Additionally the use of GCPs in the processing routine is known to reduce systemic error such as doming (e.g., Javernick et al., 2014) .
Results
Here we evaluate how the change in the number of GCPs used to generate and georeference the DSM affects the vertical accuracy by using the 148 sites not selected by the maximum dissimilarity algorithm as the testing dataset. We compare the elevation at plant sites from the testing dataset (measured with the total station) with estimates from the SfM DSM. The resulting root mean squared error (RMSE) for the DSMs using 5-30 GCPs is shown in Figure 3 . Vertical error decreases with the addition of GCPs, but (2015) compiled 50 studies and observed that DSM accuracy is related to range (camera to subject distance) with a relationship of 1:639 (e.g., 1 m of error for pictures taken at a range of 639 m). Our range in this study is 20 m, corresponding to an expected RMSE of 0.031 m (solid line in Figure 3 ). This expected RMSE is effectively identical to the value that our relationship asymptotically approaches (0.039 m) and the 0.04 m RMSE we observe at 10 GCPs. 
Discussion and Conclusion
Images captured with a kite-based consumer-grade camera flown at 20 m, capturing a scene of ~0.025 km 2 , and processed using the Structure-from-Motion workflow with 10 ground control points yield a DSM with a vertical RMSE of 0.04 m. Increasing the number of GCPs (in this setting, and with this scene size) did not result in a further decrease in error. This error is smaller than the 0.15 m reported by Sallenger et al. (2003) during a comprehensive evaluation of airborne LiDAR. The results presented here suggest that kite-based SfM is a valid technique for examining ground surface change in low-lying coastal environments. Future work will focus on evaluating the relationship between vertical RMSE and GCPs when using different observation distances and scene sizes at other low-slope, sparsely vegetated coastal sites.
Because SfM captures a synchronous aerial image in addition to topographic data, the technique is especially useful for studies that benefit from synchronous collection of both types of data. For example, investigations of the growth of coastal foredunes, restoration of coastal dunes, or quantification of overwash delivery may especially benefit from the use of SfM.
